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Abstract: Ti-xHf (x=10%, 20%, 30% and 40%, mass fraction) alloys were prepared by arc melting, and the microstructure was
controlled for 24 h at 1 000 ‘C in argon atmosphere. The formation of nanotube was conducted by anodizing on Ti-Hf alloys in 1.0
mol/L H;PO, electrolytes with small amounts of NaF at room temperature. And then TiN coatings were coated by DC-sputtering on
the anodized surface. Microstructures and nanotube morphology of the alloys were examined by field emission scanning electron
microscopy(FE-SEM) and X-ray diffractometry(XRD). The corrosion properties of the specimens were examined through
potentiodynamic test (potential range from —1 500 to 2 000 mV) in 0.9 % NaCl solution by potentiostat. The microstructure shows
the acicular phase and o' phase with Hf content. The amorphous oxide surface is transformed to crystalline anatase phase. TiN coated

nanotube surface has a good corrosion resistance.
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1 Introduction

The electrochemical formation of self-organized
porous nanostructures has attracted much interest, since
they possess wide applications in biological nano-
patterning, high-density recording media and templates
for nanomaterials. Especially, hafnium belongs to the
noble metal group and hafnium oxides have numerous
interesting properties, for example, a high chemical
stability, a high thermal stability, a high refractive index
and a relatively high dielectric constant[1-2].

It is known that titanium nitride (TiN) has superior
mechanical and chemical properties, such as high
hardness, good wear resistance and chemical stability.
TiN is commonly used as a wear and corrosion resistant
film on cutting tools[3], machine components[4], and
also biomaterials[5]. The TiN-coated Ti with sufficient
biocompatibility is promising as an implant material[6].
Although titanium nitride coatings on Ti have been
widely studied for biomedical applications in simulated
human body environments[6—9], its application in oral
environments is still limited.

In this work, the effects of TiN film on the electro-

chemical behaviors of nanotube formed Ti-xHf alloys
have been researched by using various electrochemical
methods.

2 Experimental

Ti-Hf alloys with alloying element content from
10% to 40% (mass fraction) were melted by using a
vacuum furnace and then homogenized for 24 h at 1 000
‘C. The surface of the plate specimen (3 mm thick) was
polished mechanically with 1 um Al,O; paste. Ultrasonic
cleaning with ethanol, distilled water, and drying with air
followed this process. Electrochemical experiments were
carried out with  conventional three-electrode
configuration with a platinum counter electrode and a
saturated calomel reference electrode. The sample was
embedded with epoxy resin, leaving a square surface
area of 1 cm’ exposed to the anodizing electrolyte,
1 mol/L H;PO, containing 0.5% NaF. Anodization
treatments were carried out using a scanning potentiostat
(EG&G Co, Model 362, USA). All experiments were
conducted at room temperature. The electrochemical

treatment was first swept from the open-circuit potential
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to desired final potential with a sweep rate of 500 mV/s,
and then the potential was held for 2 h. After the
treatments the anodized samples were rinsed with
distilled water and dried with dry air stream. The TiN
coatings were produced by DC-sputtering on anodized
layer, using a target of Ti(99.99%). DC power of 100 W
was applied to the target during 40 min for all the
depositions, with a constant substrate temperature of 150
C. A set of coating was obtained with constant argon
and N, mixed gas flow of 40 cm’/min.

Film surface topology, chemical composition, and
crystal structure were determined using FE-SEM and
XRD. The corrosion behaviors were investigated using
potentiostat (Model 2273, EG&G Co., USA) in 0.9%
NaCl solution at (36.5+1) C.

3 Results and discussion

Fig.1 shows the microstructures of Ti-Hf alloys
after performing homogenization heat treatment. One can
assume that the variation of Ti-Hf alloys is due to the
changes in microstructure caused by Hf content. The
microstructure of Ti-40%HfT alloy is related to its needle-
like structure of a'-phase. Needle-like traces were
observed at all specimens, and the amount of needle-like
traces in quenched alloy was more than that of furnace
cooled alloys[10]. The fine needle-like structure was
observed in the image of Ti-40Hf alloy. It was confirmed
that Hf elements acted to form a martensitic phase and

Fig.1 FE-SEM images of heat treated Ti-xHf alloys: (a) Ti-10Hf; (b) Ti-20Hf; (c) Ti-30Hf; (d) Ti-40Hf

the grain growth was effectively suppressed [11].

Fig.2 shows the X-ray diffraction patterns of water
quenched Ti-(10%, 20%, 30% and 40%)Hf alloys. The
peaks were indexed using the JCPDS diffraction data. It
can be seen that only the reflections from a'-phase were
identified by XRD. The a'-phase in Ti-(10%, 20%, 30%
and 40%)HT alloys proceeded through a phase reaction
leading to the formation of hep structure[12].

Fig.3 shows the top images of the porous layer
formed at 10 V. The nanotube size was changed with Hf
contents. Evident nanotube structures with large diameter
formed, with an average inner diameter of 100 nm and a
tube wall thickness of about 20 nm. The small tube was
formed in specimen containing high Hf content.
Although HfO, is probably the most stable metal oxide
against chemical dissolution in many environments, it
can be dissolved in HF-containing electrolytes, forming a
soluble fluoro-complex [13]. The reactions for the
nanotube formation on Ti-30Hf alloy can be represented
as follows:

[M]O,+4H +6F — MF2™ +2H,0 (1)

where M is the metal. Therefore, M plays an important
role for the growth of nanotubes and their initial
nucleation in HF-containing electrolytes. It was confirmed
that the anodic oxide layer (HfO,) on Ti-Hf interrupted
the formation of TiO, nanotubes on the anodized Ti-Hf
surface. The chemical dissolution rate was small due to
the formation of HfO,, therefore, smaller-sized nano-
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Fig.2 XRD patterns of Ti alloys with different Hf contents:

(a) Ti-10Hf; (b) Ti-20Hf; (c) Ti-30Hf; (d) Ti-40Hf

tubes were formed[14].

Fig.4 shows the XRD patterns of nanotube formed
Ti-xHf alloys by crystallizing in Ar atmosphere for 1 h at
550 C. It can be seen that anatase peak was detected
predominantly with increasing Hf content. That is,
hafnium dioxide plays role to affect the crystallization of
nanotube formed surface.

The crystallinity of nanotube is important to
improve the biocompatibility and corrosion resistance.
After annealing of Ti-40Hf at 550 °C, anatase structure
appeared predominantly, but the major TiO, phase
remains to be anatase. It may be noteworthy that in
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general the mixed oxide layers on Ti-Hf have a higher
mechanical and chemical stability than pure TiO,
nanotubes.

Fig.5 shows the potentiodynamic polarization
curves for Ti-xHf alloys tested in NaCl solution at (36.5+
1) “C. The corrosion potentials(¢p..;) ranged from —500
to =570 mV for all specimens. The ¢.oy, and corrosion
current densities(J.,;) for the alloys obtained from their
polarization curves are summarized in Table 1. The J;o
values obtained from the polarization curves using the
Tafel extrapolation method were 0.538, 0.206, 0.149 and
0.354 pA/ecm® for Ti-10Hf, Ti-20Hf, Ti-30Hf and
Ti-40Hf, respectively. Ti-30Hf alloy showed a good
corrosion resistance due to the formation of HfO, on the
surface [15].

Table 1 Corrosion potential(¢.,;) and current density(J.o,) of
Ti-xHf alloys after anodic polarization test in 0.9% NaCl
solution at (36.5+1) 'C

Alloy Peond MV Jeond (RA-cm?) Jsoo/(A-cm ?)
Ti-10Hf =570 0.538 2.70
Ti-20Hf —550 0.206 3.41
Ti-30Hf —500 0.149 2.70
Ti-40Hf —550 0.354 3.26

Fig.6 shows the potentiodynamic polarization

curves for the nanotube formed Ti-xHf alloys tested in
NaCl solution at (36.5+1) ‘C. The ¢, ranged from —610

Fig.3 FE-SEM images of Ti-Hf alloy surface in 1 mol/L H3;PO,+0.5% NaF solution after nanotube formation for 2 h at 10 V:

(a) Ti-10HE: (b) Ti-20Hf; (c) Ti-30Hf: (d) Ti-40Hf
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(a) Ti-10Hf *—HfO,
(b) Ti-20Hf o—g'

(c) Ti-30Hf »— Anatase
(d) Ti-40Hf
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Fig.4 XRD patterns of Ti-xHf alloys after nanotube formation
at 10 V and then heat treatment at 550 ‘C for 1 h.
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Fig.5 Potentiodynamic polarization curves for Ti-xHf alloys
tested in 0.9% NaCl solution at (36.5+1) C
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Fig.6 Potentiodynamic polarization curves of nanotube formed
Ti-xHf after potentiodynamic test in 0.9% NaCl solution at
(36.5+1) C

to —1 320 mV for all alloys. The corrosion potential of
Ti-40Hf alloy was higher than that of the other alloys in
0.9% NaCl solution due to the formation of HfO, on the

surface[15].

The @cor, and Jo,, for the alloys obtained from their
polarization curves are summarized in Table 2. The J;o
values obtained from the polarization curves using the
Tafel extrapolation method were 8.844, 16.85, 12.10 and
0.957 pA/ecm® for Ti-10Hf, Ti-20Hf, Ti-30Hf and
Ti-40Hf, respectively. The corrosion resistance of
nanotube formed surface was lower than that of
non-nanotube surface. It was confirmed that nanotube
surface served the site of corrosion by CI ion.

Table 2 Corrosion potential(¢..;) and current density(Jeoy) of
nanotube formed Ti-xHf alloys after potentiodynamic test in
0.9% NaCl solution at (36.5+1) C

Alloy Peo/mV T/ (WA-cm ) 300/ (pA-cm ?)
Ti-10Hf -1270 8.844 28.571
Ti-20Hf —1320 16.850 33.780
Ti-30Hf -1 000 12.100 21.600
Ti-40Hf -610 0.957 14.286

Fig.7 shows the potentiodynamic polarization

curves for TiN coated and nanotube formed Ti-xHf alloys
in NaCl solution at (36.5+1) ‘C. The ¢, ranged from
=660 to —960 mV for all alloys. The corrosion potential
of TiN coated and nanotube formed Ti-40Hf alloy was
higher than that of the other alloys in 0.9% NaCl. It was
confirmed that TiN coated and nanotube formed surface
played role to prohibit the attack of Cl ion.
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Fig.7 Potentiodynamic polarization curves of TiN coated and

nanotube formed Ti-xHf after potentiodynamic test in 0.9%

NaCl solution at (36.5+1) 'C

The @cor and Ji,, for the alloys obtained from their
polarization curves are summarized in Table 3. The J o
obtained from the polarization curves using the Tafel
values extrapolation method were 2.081, 33.19, 26.10
and 3.857uA/cm2 for Ti-10Hf, Ti-20Hf, Ti-30Hf and
Ti-40Hf{, respectively.
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Table 3 Corrosion potential(¢..;) and current density(Jeon) of
TiN coated and nanotube formed Ti-xHf alloys after potentio-
dynamic test in 0.9% NaCl solution at (36.5+1) C

Alloy Peor/mMV oo/ (MA-cm ) Jago/(nA-cm ?)
Ti-10Hf -930 2.081 27.690
Ti-20Hf -960 33.19 51.351
Ti-30Hf -930 26.10 735.50
Ti-40Hf —660 3.857 59.091

In the case of TiN coating and nanotube formation,
Ti-Hf alloys have a good potential for biomedical
applications.

4 Conclusions

1) The microstructures of Ti-Hf alloys were
changed to acicular and o'-phase with increasing amount
of Hf in the Ti-xHf alloys.

2) The amorphous oxide surface can be transformed
to crystalline anatase phase by appropriate heat
treatment.

3) From the results of polarization behavior in the
Ti-xHf alloys, the current density of nanotube formed
Ti-40Hf in the passive region was lower than that of the
other alloys. The polarization curves of the TiN-coated
and nanotube formed alloys were shifted to the right side
due to the formation of protection layer against Cl ion.
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